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iABSTRACT
In this experimental study, a number of impedance transitions
and interconnections to a microstrip were designed and
investigated. The double-step discontinuity on a microstrip was
studied in detail, and a procedure was developed to design these
structures. Their response was determined by making measurements
in both the frequency and time domains in a consistent and
repeatable manner. The time-domain presentation of the data was
the most useful feature of th= measuring system. All undesirable
signal components were filtered out through the use of gating
functions. In this study, theoretically computed results were
verified experimentally.
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1. INTRODUCTION
The operation of communication systems at microwave
frequencies has created the need for adequate waveguiding
circuitry. Hence, the shielded microstrip line is often used to
transfer microwave signals between components and other
waveguiding structures. Microwave circuits are often placed
within a closed cavity or inside a waveguide; Figure 1 shows a
shielded microstrip cross-section. This configuration offers
certain advantages: reduced size, weight, and cost combined with
improved electrical performance, manufacturing uniformity and
reliability CiI. Analysis of the discontinuities encountered when
using planar guides is quite difficult, because there are no
closed-form solutions for the fields which can exist in these
structures. Thus, the purpose of this project is to characterize
several stepwise discontinuities in the width of microstrip lines
from an experimental point of view.
In particular, the double-sided step was chosen for this
study for its simplicity to construct and for ease of
measurement. Such discontinuities are readily encountered in
filters, impedance transformers, and interfaces with active
devices.
Primary considerations have been the consistency and
repeatability of the experiments. The linear dimensions of the
test -Fixture are within a tolerance of 0.002". The best materials
and components available were used in order to satisfy specific
ri
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Figure 1. Microstrip cross-section.
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electrical	 and	 mechanical	 requirements,	 namely,	 low	 loss,
uniformity, and ease of fabrication. From the measured data of
	 a
f
carefully	 constructed	 line,	 it	 is	 possible	 to determine the
capacitance	 at	 the	 discontinuity.	 The	 optimum
	 parameters
determined	 by	 this procedure could then be used to maximize the
effects of the step discontinuity over the frequency range,
	 from
45 MHz up to 18 GHz.
The
	 test	 setup	 utilized	 throughout this project included
sophisticated
	 eamputer-controlled	 instrumentation.	 Preliminary
designs
	 and	 evaluation	 of	 performance
	 tests	 were made an an
HP8408 Automated Network Analizer (ANA) system. During the
	 final
stage	 of the program, more accurate measurements were made on an
HP8510 ANA system. These systems provided reliable
	 operation	 up t
to	 18	 GHz.	 One	 of	 the	 most	 significant
	 aspects	 of	 this
i
experimental	 program	 has	 been	 the	 study	 of	 the	 microstrip
discontinuities
	 in	 the	 time	 domain.
	 From the reflection data
obtained,	 the	 corresponding
	 time-domain
	 responses	 could	 be
interpreted	 using
	 conventional	 time	 domain	 reflectometer
techniques.
The repeatability of the experiments was fundamental far
	 the vj
t
success	 of the study. For this reason, extreme care was taken in
conceiving the design, assembly and measurement procedures.
42. PRELIMINARY CONSIDERATIONS
There are some fundamental 	 problems associated with
microstrips which have to be addressed before any designs are
completed. These effects, which generally increase in severity
as the operating frequency is raised E23, include dielectric and
conductor losses, dispersion, and non-TEM mode propagation.
2.1 Dispersion
The analysis presented in this report has ueen based on a
quasi-TEM mode of propagation. This is a valid quasi-static
approximation of a dynamic structure at frequencies where the
guide dimensions are small relative to the guide wavelength.
However, at frequencies where the dimensions of the structure are
comparable to the guide wavelength, the effective dielectric
constant and characteristic impedance of a microstrip begin to
decrease with frequency, thus, making the microstrip dispersive.
This dispersive characteristic is due to propagation o•^ non-TEM
modes [31.
The propagation velocity and characteristic impedance for the
50 fl microstrip line designea, as described in Chapter 3, were
r calculated by Farr using a spectral Galerkin technique [43. From
the values given in Table 1, it can be inferred that within the
operatin5 range, up to 12 GHz, the fluctuations in propagation
velocity and characteristic impedance were well under 5%. For
this reason, for frequencies under 12 GHz, the microstrip lines
used throughout	 the experiment can be considered to be
non-dispersive.
5Table 1
Propagat +.on characturSstics for 50 n microstrin
f (GHz)	 (rad/m)	 VV (loom/sec)
e	 229.9	 2.19
10	 288.4	 2.18
12	 336.1	 2.24
15	 436.1	 2.16
2.2 Frequency of operation_
The range of frequency over which measurements were taken was
determined by two factors. The upper limit was set by the effects
of the losses and by the increasingly dominant effect of non-TEM
mode propagation. Moreover, the equipment provided reliable
operation up to 18 GHz. Hence, it was decided to operate below
12 GHz since single-mode propagation was possible. For
frequencies under 12 GHz, losses remained at 0.05 dB per
centimeter, only the dominant TEM mode propagated, and the parts
could be machined to the specified tolerance. Even though it was
decided to operate up to 12 GHz, the measurements were extended
up to IS GHz to evaluate the effects of the non-TEM modes.
In the design of the experimental setup, the effects of the
discontinuities had to be maximized relative to the other
existing anomalies, such as connectors and adapters. For
practical purposes, the cunnectors and adapters are not ideal and
will cause perturbations in the fields, though these effects can
be minimized or isolated by techniques that are explained in
Chapter 4.
b2.3 Non-TEM mode of propagation
In most microstrip applications; only the dominant quasi-TEM
made of operation is desirable; for this reason, guide dimensions
have to be maintained well under the guide wavelength. The
maximum frequency of operation in a microstrip line is limited by
the excitation of propagating non-TEM waves in the farm of
surface waves and transverse resonances within the guide; in this
i
case, the guide dimensions become comparable to the guide
wavelength. This effect becomes predominant, for a fixed
characteristic impedance, when either the substrate thickness or
dielectric constant is increased 153. For the configuration under
i
study, the cutoff frequencies for non-TEM modes were computed by
Farr using a spectral Galerkin technique 163. Within the usable
operating bandwidth up to 12 GHz, no higher-order modes will
propagate. At frequencies above 12 GHz, non-TEM modes start to
propagate. The effects of these modes are currently being
evaluated.
2.4 Losses
Two major dissipative effects occur in microstrip guides,
namely, conductor loss and substrate or dielectric loss. As shown
by Pucel C73, conductor loss may be approximated by
7For 1/2n < W/h S 20
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Referring back to Figure 1, W/h is the line width to substrate
ratio, Wa is the effective width, t is the strip thickness and Re 	 'a
is the surface resistance of copper. From these expressions it i
can be seen that, for a fixed characteristic impedance, conductor
^a
loss decreases inversely with substrate thickness, and increases
with the square root of the frequency. This is to be expected,
due tc the skin effect.
For a 50 4 line, the conductor losm at 12 GHa was calculated
to be 0.0145 dB/cm.
8The dielectric loss for a material can be calculated using
the expression derived by Welch and Pratt C83:
En	 Ever-w- 1 •tanS
an rs 27.3•—•	 —•f
	 dB/cm
	 (4)
Earn	 En-1	 C
r
} i
where C is the free-space	 wave propagation velocity and tan&	 is
the	 loss
	 tangent	 for	 the	 material.	 It can be seen from this
e>pression that dielectric loss is directly proportional
	 to	 the
e` relative	 dielectric	 constant.	 For	 a	 constant	 characteristic
impedance line, an increase in En
	
results	 in	 stronger	 fields,
^t
which,	 in turn, produces increased ohmic loss.
For	 the 50 n line, dielectric loss at 12 GHz, computed using
equation	 (4), was 0.0118 dB/cm.
Considering	 conductor	 and	 dielectric	 losses
	 alone,	 the
,
overall	 losses	 total	 less than 0.03 dB /cm of attenuation at 12
GHz.	 This is a small number relative to the 	 absolute	 magnitude
of	 the	 parameters	 being	 measured,	 i.e.,	 10 dB and higher and,
thus, can be neglected for frequencies below 12 GHz.
The choice of an adequate	 substrate	 material	 required	 an
evaluation
	
of	 the	 losses. For a fixed characteristic impedance
and fired thickness, a high relative dielectric constant
	
results
4
in	 a	 narrow-line	 width	 and	 a	 short	 guide	 wavelength, with
inherently high	 loss.	 On	 the	 other	 hand,	 a	 low	 dielectric +
constant results in a wide line and a long guide wavelength, with
significantly
	
lower	 dielectric	 loss.	 Conductor	 loss	 remains
constant. 
7
9Another parameter having a significant effect on the loss is
the thickness of the substrate. In a microstripr the field
distribution is confined to the dielectric substrate; the thinner
the substrate, the more dense and strong the field lines become,
and the higher the losses. For a fixed @,., a thin board results
in a highly lossy, narrow line, whereas a thicker board results
in a low loss, but wide line.
With all these considerations in mind, 1/2 ounce, copper
clad, RT/Duroid 5880 was selected as a substrate material. The
low -,R
 of 2.2 and thicknes of 0.031" represented a good
compromise between lose and size. Some added advantages in using
Duroid 5890 include a small loss tangent, 0.0009 at 10 GHx and
ease in machining 197.
i
i
w
9,
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3. DESIGN CONSIDERATIONS
In this section, a description of the design procedure for
microstrip lines is given. The microstrip-line dimensions were
determined using closed-form expressions derived by Hammerstad
C103:
For W/h 1 20
	
W/1)
	 8•®xp(A)	 (5)
exp(2A)-2
For W/h 2 29
((((((
W/h n !.[B-1-ln(2B-1) i• fem-1. 1n(B-1)+0.39 - 0,61 11	 (6)
V	 Zen
r!here
A r .	 n±! F En-1. (0.23 + O.li)
60	 2	 fK+l
	
E,.
3771r
H ^ -
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A 50 5: line on 0.031" thick Durcid and with a relative dielectric
constant of 2.2 resulted in a strip width of 0.093". Table 2
shows the dimensions of microst,-ip lines with characteristic
impedances of 100, 73, 50, 40 and 30 11 based upon equations (5)
and (6).
Tzblo 2
Microstrip design parameters with h - 0.031"
Zr W/h W	 (inches) Err
30 6.23 .193 1.951
40 4.25 .132 1.907
50 3.08 .093 1.870
75 1.59 .049 1.805
100 0.89 .028 1.758
11
r.
To complete the design, the length of the microstrips had to
be determined. The dimensions of the circuit boards had to be
small to minimize loss through the guide, while, at the same
time, it had to be long enough to ensure that any perturbations
in the guide fields were confined to the vicinity of the
discontinuity under study. In addition, field perturbations,
caused by the connectors and coaxial to microstrip transitions,
had to be minimized. The attenuation constant for the lowest
non-TEM mode was computed by Farr using a spectral Galerkin
technique, and it proved to be greater than 50 dB/cm at 10 GHz
1117. For a 2 cm long section, this attenuation constant provided
sufficient resolution between the individual step
discontinuities. Figure 2 shows the microstrip lines used in the
experiment. Sections with characteristic impedances of 100, 75,
40 and 30 4 were inserted in series with the 50 4 line; referring
to Figure 2, note that lines C through F have 2 cm long center
sections, whereas line B has a 1.25 cm center section. This line
was used to show how isolation between discontinuities depended
an their separation. The measuring system was based on a 50 S
reference.	 Similarly, to isolate the discontinuity effects
created by the connectors, line segments leading 	 to the
discontinuity were made 2.81 cm long. Thus, the overall length of
the microstrips was 7.60 cm. For improved accuracy, the
microstrips were etched using photolithography and were gold
plated.
12
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Figure 2. Microstrip patterns printed an Duroid: A) 50 S2 line,
8) 30 9 short section, C) 30 Q section, D) 40 Q
section, E) 75 :4 section, F) 100 Q section.
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The test fixture, shown in Figure 3, was designed to within
I1
the specified tolerance of 0.002". A flanged seal was included
for shielding and for simplicity in aligning the boards during
assembly.	 The microstrip boards were firmly pressed against the 	
I.
ground plane to insure good electrical connection and uniform 	 s
I!;
thickness.	 The connectors utilized belong to the Wiltron
u
K-Connector series. The sparkplug female K102-F:SP42 connector
proved to be ideal for this application due to its outstanding
electrical and mechanical performances [123,[133. As suggested by
Oldfield C143, the center pins were custom made to provide for an
optimum transition from the coaxial line to the microstrip. The
custom-made center pins, supplied by Wiltron, had a diameter of
0.040" and were gold plated. It has been found that the diameter
of the pin had to be equal, or no less than one-third the
microstrip line width C153. A good transition was obtained by
soldering the 0.040" diameter pin onto the 0.093" wide microstrip
line. In addition, a short section of the air line and a gap
between the microstrip board and the wall of the fixture provided
the required matching for the transition from coaxial cable to
the microstrip. The air line was designed using the known result 	 1
for coaxial cables C163; the outer diameter of the 50 q line is
2.3 times the inner one. For a 0.040" pin, the outer diameter is
0.092". These simple modifications were recommended by Wiltron
in their assembly instructions 1173. To insure repeatability, the
connectors were adjuster; using a torque wrench.
2-56 HOLES
(6 PLACES) GOLD PLATED MICROSTRIPON DUROID
COVER
1 040`
1280 .480 .280
.200
A_	 .030 ±.001
.250
.125
	
.125	 .125
	
.030	 .030
.030	 .030
14
F--BASE
—.250
*_.002
.250 —	3,009
!.002	 !.002
2-56THREADS
(6 PLACES)
DETAIL OF
K-CONNECTOR __ DIA, 092
BORE 223 *_ 003
TAP .25 - 36 x .14 DEEP ^•
COUNTERSINK 82 0 x .260 DIA.
M IN.
DIA..040
SCLDER
MICROSTRIP
.053
.140	 I -. 0 55
—AIR GAP .015
.110
Figure 3. Machine drawing of test fixture. Note 0.015"
compensation gap; this provides matching between
connector and microstrip. All dimensions are in inches.
1s
Delicate handling, mounting, and soldering of components were
employed during the assembly stages. In order to fully utilize
the potential of the test fixture, the parts were thoroughly
cleaned in ethanol and aligned with a 0.015" thickness gauge. The
pins were then carefully soldered using a fine tip iron and high
temperature solder. To increase the flexibility of the setup, the
fixture was provided with interchangeable microstrip boards and
connectors. The assembly process was completed as shown in Figure
4.
16
COVER
"STRIP
1ROID
O-PLATED
PIN
BASE
JI I"11\ 	 LVV•
FEMALE K-CONNECTOR
KIO2F-SP42
Figure 4. Assea*oly drawing of test fixture. Note flanged sea! to
avoid radiation to the outside. Also note that cover
presses board tightly onto base.
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4. MEASUREMENT PROCEDURE
The test setup utilized throughout this project included
sophisticated computer-controlled instrumentation. Preliminary
designs and evaluation of performance tests were made on an
HP8408 Automated Network Analyzer (ANA) system. During the final
stage of the study, more accurate and thorough measurements were
made on an HP8510 ANA system. These systems provided reliable
operation up to 18 GHz. A block diagram of the test setup
utilized is shown in Figure 5.
A series of full band measurements for the various microstrip
lines was carried out. The system was calibrated at 401 data
points ranging from 45 MHz up to 18.045 GHz. The 18 GHz range
contains all integer multiples of the 45 MHz fundamental
frequency as required for computing the inverse Fast Fourier
Transforms in the time-domain analysis. A precision APC-7mm
calibration kit, consisting of open— and short— circuit
terminations and fixed and sliding loads, was used to start up
the system. All adjustments were made using calibrated torque
wrenches.
One of the most significant aspects of this experimental
study has been the evaluation of the microstrip discontinuities
in the time domain. This measurement simulated the traditional
time-domain reflectometer measurement and presented information
useful in determining the types of discontinuities present,
whether they were resistive, inductive or capacitive 1187. From
the reflection data obtained, the corresponding time domain
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responses could be interpreted using conventional time-domain
reflectometer techniques with precision and high-resolving power
C197.
The frequency-domain return loss measurement is a composite
response of all the discontinuities present in the line. To
obtain the time-domain response, the inverse Fast Fourier
Transform of the data was mathematically calculated. The internal
high-speed computer in the HP8510 made this calculation using
Chirp-Z FFT computation techniques [207. The resulting
measurement was the fully error-corrected, time-domain reflection
response of the microstrip displayed in near real time C217. The
time-domain measurement showed the effects of each individual
discontinuity as a function of time, i.e., connectors, and step
change in impedance. This, in turn, could be interpreted as the
position along the line by multiplying the scale by the
propagation velocity along the guide.
In order to enhance the time-domain measurements, a gating
function, internal to the HP8510, was utilized. This feature gave
added flexibility in selectively removing individual responses in
the time domain. The effects of the connector-to-microstrip
transitions were removed, while preserving the response of the
line. The gate utilized, shown in Figure 6, is a time filter with
a bandpass filter shape. In converting the data back to the
frequency domain, the effects of the responses outside the gate
were removed. The data enhancement was achieved, however, at the
expense of an increased step rise time. The rise time, in turn,
was dependent upon the bandwidth of the measurement and was
r
w
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CENTER 0.0 .
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Figure 6. Shape of gate in time domain. Gate start and stop
indicate -6 dH cutoff times.
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j
calculated using an approximate formula given by Hewlett-Packard
1227.
For a normal window shape and -for a frequency range from 45
MHz up to 18 GHz:
0.99
STEP RISE TIME ^	 —	 (7)
FREM. SPAN
58 psec
The corresponding space resolution for this rise time was
v,. x STEP RISE TIME= (55psec) x (2.19x1)") = 1.2 cm.
Some of the side effects of this technique were increased
sidelobes, overshoot, and ringing in the time-domain step
stimulus. It is important to point out that the frequency-domain
measurement was bandlimited to 18 GHz, and, thus, caused the
slight distortion in the time-domain response. Also, the presence
of the non-TEM modes above 12 GHz produced added distortion of
the time and frequency responses; thus, special care was taken in
evaluating these responses. The passband ripple and sidelobe
levels are descriptive of the gate shape; for the normal shape
gate the specified values were #0.04 dB of passband ripple and a
sidelobe level of -45 dB. For best results and minimum distortion
with the gating, it was necessary to center the gate around the
desired response and to make the gate span wide enough to include i
all of those responses.
25. DATA ANALYSIS
The microstrip lines designed were evaluated using the
experimental	 methods	 outlined	 in Chapter 4.	 The 50 n line was
examined first, and some
	 of	 the	 assumptions	 made	 during	 the
design process were validated.
The	 total	 loss	 through	 the	 line	 was	 evaluated	 using a
substitution measurement 0231; Figure 	 7	 shows	 a	 plot	 of	 the
return	 loss	 for	 the	 50	 n	 microstrip	 terminated	 in a short
circuit. Alternatively, the plot could be interpreted as the loss
incurred	 in	 a round-trip through the line; the loss incurred in
traversing the line once could then be 	 read	 off	 the	 plot	 and
divided	 by	 two. Up to 12 SHz, the losses remained under 0.4 dB.
The value calculated in section 2.4 was 0.23 dB; it included 	 the
effects	 of	 dielectric	 and	 condkictor	 losses	 but excluded the
effects of mismatch losses.
Throughout the rest of the report, the reflection measurement
data	 are presented in both the time and frequency domains. These
responses can 6e related through the Fourier Transform.
The magnitude of the return loss for a full band	 measurement
from	 45	 MHz	 to	 18.045	 SHz	 for the 50 n line is displayed in
Figure Ba.	 The pattern shown in this 	 plot	 corresponds	 to	 the
characteristic beating of two identica	 discontinuities connected
to the ends of	 a	 transmission	 line,	 i.e.,	 the	 connector-to- !
mi crostrip transitions.
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frequency domain, b) Reflection coefficient in time
domain.
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The separation between the nulls was computed using a result 	
I
Tar transmission lines 0241. For a line of lenght L and with a
propagation velocity of Vr•, the nulls in the return loss occur at
frequencies where the electrical length of the line is a multiple
of a quarter-wavelength, namely,
V,
f .. N —	 (8)
2L
For a 7.62 cm ,line, and a Vr = 2.2 x 100
 m/s, the nulls occurred
at 1.44 GHz intervals. This value coincides with the observed
pattern.
The return loss pattern displayed in Figure 8a was better
than -20 dB up to 12 GHz. For frequencies above that, non-TEM
modus start to propagate, and appear as sharp peaks at the upper
end of the return loss range. These modes were excited at
frequencies for which the guide dimensions became comparable to
the guide wavelengths.
The details in the trace for the corresponding time-domain
response, shown in Figure 8b, deserve further explanation. This
time-domain response could be more easily interpreted by
proceeding from left to right, i.e., corresponding to position
along the line. The system's flat 50 f. reference was present
until the K-connector was reached; as specified by Wiltron, very
small reflections were observed C257. The short section u 50 51
airline that followed produced some added ripple. This ripple
increased once the compensation gap was reached, and which, in
turn, made the free-floating connector center pin look inductive;
26
this is shown by the rise in the trace. Once the microstrip was
reached, a 20 mUnit drop in the trace occurred, and was due to
the capacitive nature of this type of transition. This
capacitance was largely determined by two factors: a step in the
groundplane from the circular coaxial geometry to the rectangular
microstrip geometry, and the step associated with the change in
cross-section of the center conductor 1267. After traversing the
microstrip, similar effects occurred at the other end, but in the
reverse order.
During the design procedure, it was observed that the closed-
farm expressions (5) and (6), used in calculating the microstrip
widths, resulted in slightly lower characteristic impedance than
desired. For this reason, the reflection coefficient for the 50 a
microstrip was 0.02, instead of 0; this value is still equivalent
to a -35 dS return loss, which, by all practical standards, is
very good for a planar waveguide.
In an attempt to isolate the response of the microstrip line,
shown in Figure 9a, the gating feature on the system was
utilized. The electrical length of the guide was calculated so
that the gate could be placed directly at the ends of the
microstrip, between the two connectors; their lacation is shown
in Figure 9b. It should be noted that the response outside the 	 4
gate stays constant at the level corresponding to a 50 51 line.
Referring back to the filtered return loss for the 50 St
microstrip line, shown in Figure 9a; the beating pattern was
preserved, but with an improvement of 8 dB in the return loss.
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Figure 9. Gated reflection response of 50 R line: a) Return
loss, b) Reflection coefficient.
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The transitions studied were classified by the relative
magnitude of the impedance step. The step--down cases, as with the
30 and 40 4 sections, were capacitive in nature and were modelled
by a shunt capacitance, with an equivalent circuit shown in
Figure 10a. This equivalent circuit includes all discontinuities
in the line. Conversely, the step-up cases, as with the 75 and
100 4 sections, were inductive in nature; this abrupt decrease in
width was modelled by a series inductance E273. The T-section
equivalent circuit is shown in Figure 10b.
To complete the study, the different impedance steps in the
microstrip lines were analyzed. The presence of the 30, 40, 75,
and 100 4 section discontinuities in the line produced very
noticeable results, which are presented in Figures 11 through 19.
From the observed time-domain responses, the lower-impedance
sections, 30 and 40 4 1 produced a downward deflection of the
trace, whereas the higher impedance sections, 75 and 100 n,
produced an upward deflection of the pulse. The sharp edges were
effectively smoothed out by the junction capacitance and, thus,
no abrupt level changes were observed.
The responses followed the same trends as those for the 50 n
	 a
line but with a few peculiarities. Considering the responses in
the frequency domain first, the beating pattern was still
present, with the separation of nulls of 5.44 GHz, corresponding
to the 2 cm discontinuity sections of the line. The non-TEM mode
peaks were still present at frequencies above 12 GHz; these were
dependent only upon the cavity dimensions and not upon the type
of discontinuity an the line.
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Figure 10. Equivalent circuits for discontinuity in microstripn
a) Capacitive model, when Z, < Zo.
b) Inductive model, when Z, > Zo.
L, = 2 cm, Lo = 2.81 cm, Zo = 50 31.
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Figure 11. Reflection response of 30 Q line: a) Return loss,
b) Reflection coefficient.
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Figure 12. Gated reflection response of 30 4 line: a) Return
loss, b) Reflection coefficient.
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b) Reflection coefficient.
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Figure 15. Reflection response of 75 2 line. a) Return loss,
b) Reflection coefficient.
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shown in Figure 11.
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Consider the time dumain data next; the peak magnitudes of
the responses corresponded exactly to the values predicted by the
transmission line theory shown in Table 3.
Table 3
Calculated and measured reflection coefficients,
Zn_(A) TEM-model Measured on TDR
30 -0.25 -0.256
40 -0.11 -0.113
50 0.00 -0.020
75 0.20 0.185
100 0.33 0.310
From these measurements, it can be concluded that the magnitude
of the discontinuity produced by the impedance steps was
significantly larger than that for the other discontinuities in
the line, including connectors. Thus, the effects of this
discontinuity were predominant in determining the overall
reflection characteristics of the microstrip lines.
Using time-domain gating, the responses of the individual
discontinuities in the lines were obtained. As expected, the
beating pattern is mare clearly seen in the return lass; the
separation of nulls remained at 5.44 GHz, but with a more
periodic and predictable pattern.
To complete this study, the values obtained from the
measurements were compared to the values computed by Farr using a
mode-matching technique E293 and to the values obtained using a
transmission-line model. These results are summarized in Table 4.
FRED, 3051 40S2 7552 loon
GHz
-10.8 L-126 -176 L-123 -13.9 L 56 -9.1 L 53
.990 -13.2 L-125 -19.2 L-123 -14.6 L 57 -9.6 L 54
-11.2 -18.3 -13.7 -9.4
-6.8 L-160 -13.1 L-157 -9.5 L 23 -5.3 L 21
2.025 -8.9 L -159 -14.7 L-157 -10.1 L 24 -5.7 L 22
-6.9 -13.3 -9.5 -5.4
-8.6 L 140 -14.9 L 138 -10.7 L -37 -6.1 L-32
4.005 -10.8 L 139 -16.5 L 138 -11.4 L -37 -6.6 L-33
-8.9 -15.3 -11.1 -6.6
-6.4 L -179 -12.5 L-176 -8.9 L 10 -4,9 L 11
8.010 -8.3 L-179 -14.0 L-176 -9.5 L 10 -5.3 L 12
-6.4 -12.6 -9.4 -5.2
-8.9 L-141 -15.9 L133 -14.3 L 57 -10.7 L 59
12.015 -10.8 L-139 -174 L-133 -14.8 L 57 -11.1 L 60
-8.8 -16.4 -14.7 -10.3
H
1
Table 4
Return losses, theoretical and experimental.
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Mode Matching Magnitude dSL(degrees)
Trans. Line
Measured
41
For all cases, there was excellent agreement between the
experimental results and the mode-matching results, better than
3% correspondence. The results obtained from the transmission-
line model differed from the others because the model does not
account for the junction capacitance. For this reason, it is
believed that these experiments were very accurate at the
operating range up to 12 GHz.
az
b. CONCLUSION
This report has discussed the application of modern design,
manufacturing and measuring techniques for the characterization
of discontinuities on a microstrip. Results have been presented
to show how the type of discontinuity inserted on the line
affected the overall response. The return loss patterns observed
were periodic in nature, with a separation of nulls proportional
to the length of the discontinuity section.
The microstrip reflection characteristics were studied
extensively. Special attention was paid to dispersion, loss and
non-TEM mode propagation, effects, which were predominant, when
the guide dimensions became comparable to the guide wavelengths.
Their effects are currently being evaluated, in an effort to
extend the range of the experiments up to IS GHz or above. In
selecting the optimal guide configuration, several compromises
had to be made in order to obtain the desired response, namely, a
convenient frequency range of operation and an adequate substrate
material.
Once the substrate material was selected, the design
considerations were established. For the purposes of this study,
the microstrip had to be placed inside a waveguide. The
performance in this type of environment was duplicated by
utilizing a closed test fixture with a rectangular cross-section
to contain the microstrip. To avoid radiating modes, a flanged
seal was included in the design; this configuration provided
adequate RF shielding to the outside. To preserve a proper ground
43
plane interface, the cover overlapped the microstrip board at the
edges, pressing it down tightly onto the base. Some time was
spent in finding a launcher which provided a good match between
the coaxial cable and the microstrip line. It was found that the
diameter of the connector center pin should be no less than one
third the microstrip line width. The K-connectors proved to be
ideal for the configuration under study. To insure uniformity in
the assembly of the test fixture, special tools were employed,
namely, torque wrenches, thickness gauges and high-temperature
soldering iron. For improved electrical performance, the
microstrip lines were gold plated and cut precisely for mounting
onto the test fixture.
All of the, design, assembly and measurement techniques
discussed in this report were succesfully applied to this
experimental study, resulting in a controlled and reproducible
response. The results obtained from these measurements proved to
be in good agreement with those computed using a mode-matching
technique.
As a continuation of this study, some further experiments,
based on the methodology presented in this thesis, include
cascaded step discontinuities, gaps in lines, tapered lines, and
transitions from one substrate to another. The effects of non-TEM
modes of propagation on microstrip performance also deserve
further investigation.
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